Experimental evidence supporting the use of a surface-plasmon interferometer as a biosensor is presented. The device is shown to be capable of bulk refractive index sensing (bulk refractometry) and has a spectral interrogation sensitivity of 315.145 nm/refractive index unit. © 2009 Optical Society of America OCIS codes: 130.3120, 130.6010, 240.6680. Evanescent field sensors provide a promising means for the label-free detection of target molecules and for the real-time monitoring of solutions and binding events that occur near the sensor surface. Waveguide sensors constructed in semiconductor material such as silicon-on-insulator (SOI) can have an extremely small footprint, be integrated into compact arrays, and be readily combined with fluidic components, promising features for potential lab-on-a-chip applications [1] . Furthermore, monolithic integration of sensors with electronics is also feasible. The nanophotonic SOI platform is compatible with wellestablished complementary metal-oxide semiconductor (CMOS) fabrication and characterization technologies, providing a potential route to low-cost, high-volume manufacturing. Of the different approaches toward integrated SOI label-free affinity sensors, microring resonators are perhaps the most promising candidates [2, 3] .
Evanescent field sensors provide a promising means for the label-free detection of target molecules and for the real-time monitoring of solutions and binding events that occur near the sensor surface. Waveguide sensors constructed in semiconductor material such as silicon-on-insulator (SOI) can have an extremely small footprint, be integrated into compact arrays, and be readily combined with fluidic components, promising features for potential lab-on-a-chip applications [1] . Furthermore, monolithic integration of sensors with electronics is also feasible. The nanophotonic SOI platform is compatible with wellestablished complementary metal-oxide semiconductor (CMOS) fabrication and characterization technologies, providing a potential route to low-cost, high-volume manufacturing. Of the different approaches toward integrated SOI label-free affinity sensors, microring resonators are perhaps the most promising candidates [2, 3] .
However, in the field of direct real-time affinity sensing, surface-plasmon-resonance (SPR) biosensors are a well-established technology [4, 5] . Owing to the very strong evanescent fields near the interface, surface plasmons promise to be very sensitive to refractive index changes. Moreover, Au boasts the advantage that it is a biocompatible material and that a very mature thiol chemistry can be used for the functionalization of this layer. Drawbacks are that stateof-the-art SPR devices are bulky and expensive and that the integration with micofluidics and the route toward multiparameter analysis are difficult.
A surface-plasmon interferometer combines the best of both worlds [3, 6] . The principle is based on the interference of two decoupled surface-plasmon modes propagating on either side of a thin metallic layer embedded into a silicon waveguide. The theoretical concept and feasibility were previously reported in [6] . Theoretical results predict that this device would be capable of detecting very small refractive index changes (10 −6 RIUs, refractive index units) for a device that has a physical footprint of only 100 m 2 . In this Letter we present the first experimental evidence of such a device, to our knowledge.
The surface-plasmon interferometer is schematically depicted in Fig. 1 . Upon reaching the gold-clad layer, a dielectric TM-polarized mode guided by the silicon membrane slab waveguide excites two surface-plasmon modes, one at the upper and one at the lower interface of the gold layer. Owing to the highly asymmetric cladding layers, these modes are not coupled; therefore their phase velocities are entirely determined by the refractive index of the upper and lower dielectric. At the end of this section, interference of the two surface-plasmon modes results in a dielectric mode launched in the output waveguide. This explains the sensing functionality of the interferometer; a change in the refractive index of the medium above the gold layer results in a phase difference between the two surface-plasmon modes and, consequently, in a change of output intensity.
Proof-of-principle samples consisted of a silicon substrate, 2 m of high-density plasma silicon dioxide, and 220 nm of amorphous silicon (a-Si), deposited using a plasma-enhanced chemical vapor deposition process with SiH 4 and He gases [7] ; fabrication was done using deep-UV lithography. The length of the sensing area was 8 m; waveguides were 3 m wide. The etch depth of the sensor region in the Si was 70 nm; the Au layer was deposited using vacuum evaporation and was 37 nm thick. A focused ion-beam cross section of the fabricated device can be seen on the right side of Fig. 2 .
Light from a single-mode fiber was coupled into the sample using a lensed fiber; outcoupling occurs through an objective. Measurements were performed using a tunable laser (output power 5 mW) and power detector; a polarizer has been used in front of the detector in order to ensure that only TMpolarized light is measured. Experiments were not temperature stabilized.
Proof of principle was obtained by flowing deionized water, an aqueous solution of 2 m. % and 10 m. % of NaCl over the sensor surface ( Table 1) . The spectra for these measurements are presented in Fig. 3 . Standard-deviation error bars represent measurements of several spectra with an interval of 10 min to ensure that the steady-state response was measured. One can clearly see that the position of the spectral minimum is blueshifted as a function of increasing analyte refractive index, which is in good agreement with theoretical predictions.
To quantify the sensitivity of the device with respect to bulk refractive index changes, deionized water, an aqueous solution of 2 m. %, 4 m. %, 6 m. %, and 8 m. % of NaCL were flown over the sensor surface, using a flow cell to avoid evaporation. At 20°C the refractive index of an aqueous solution of NaCl varies with 0.0017151 RIUs per mass % [8, 9] . A twopoint moving average filter and spectral normalization has been utilized to analyze the spectral data. Sensitivity S RIU [nm/RIU] for this sensor was determined by calculating the wavelength of destructive interference using a Lorentzian curve-fitting algorithm [10] ; the standard deviation error ␦ min is due partly to the dip-finding algorithm (dependence of the dip position as a function of threshold value is taken into account) and partly to measurement errors. Results are given in the table below. Using this data we can estimate the general sensitivity S RIU of this device to be 435.454 nm/RIU. The wavelength of minimal transmission versus the refractive index of the analyte flown over the sensor surface is depicted in Fig. 4 .
The observed positions of maximum spectral attenuation are in agreement with the theoretical model [6] , as can be seen in Fig. 5 . Sensitivity S RIU is larger than the theoretically obtained value. The standard deviation of S RIU , although an indication of the linearity of the sensor response, does not represent the accuracy of the sensitivity value, since the linear regression algorithm does not take measurement errors into account. Therefore the value of S RIU was calculated in Monte Carlo simulations (10 6 iterations), using added Gaussian noise with a standard deviation equal to the calculated standard deviation of the spectral minima. The resulting value for Simulations done using CAMFR, an in-house developed eigenmode solver using adaptive spatial resolution [11] . Theoretical sensitivity is equal to 392 nm/RIU. S RIU is normally distributed, the mean value is 435.541 nm/RIU, the standard deviation 72.543 nm/RIU. Theoretical sensitivity lies well within one standard deviation of this calculated value for S RIU .
Departures from the theory in both position of minimal transmission and slope of the curves are probably caused mainly by the scattering of waves at imperfect boundaries of the Au layer at the beginning and end sections of the Au layer (lithographic inaccuracies) and the surface roughness of the Au layer.
The experimental determination of the maximum mode attenuation of the device is limited by polarization coupling in the waveguide itself and by performance of polarizing optics [12] .
In this Letter we have presented a proof of principle for an integrated surface-plasmon interference sensor. Qualitative agreement between measurement results and theoretical data has been obtained. Furthermore, we have shown this device capable of detecting bulk refractive index changes, a first and indispensable step toward label-free biosensing. The measured blueshift, although not yet as large as theoretically predicted, shows the potential of this device to be used as a sensitive and label-free biosensor.
